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A shape memory polymer (SMP) is a polymeric material that exhibits shape memory behavior.  
It can be “programmed” to take on a desired shape and “recovered” to revert back to its original 
shape.  This ability to remember multiple shapes and switch between them with the application 
of a stimulus from an outside source is very desirable in certain applications.  By dispersing glass 
microspheres in a SMP matrix, a syntactic foam is created that retains much of the shape 
memory capabilities but has higher strength and lower density than the pure SMP.  These 
characteristics make this material a good candidate for use in a sealant for expansion joints on 
bridges.  In order to be used in this situation, the SMP based syntactic foam must be tested under 
a complex loading scenario which is the first of its kind. 
A new testing procedure is developed along with a new test sample design.  In one direction, the 
SMP based foam is programmed in tension at 79 oC.  Then, in the transverse direction it is 
programmed in compression at room temperature.  Finally, it is reheated to 79 oC for free 
recovery.   
Shape recovery has a broader meaning as it pertains to the two-stage biaxial thermomechanical 
cycle but comparison of results shows that room temperature compressive programming 
negatively affected the shape recovery values in that direction.  The free direction had the second 
best shape recovery, leaving the tensile direction with the highest shape recovery values ranging 
from 77% to 88%. 
For full understanding and representation of the thermomechanical cycle, it must be plotted using 
stress-strain-temperature and stress-strain-time.  These plots are created for a range of tensile and 




Chapter 1.  Introduction 
1.1 Shape Memory Polymer Based Syntactic Foam 
The topic of advanced composite materials has been a vast area of research in industry and 
academia for years.  There are a great many uses for various composite materials and the number 
continues to grow rapidly.  Two such advanced material types are the shape memory polymer 
(SMP) and syntactic foams.  By combining both materials, a class of foam is created with some 
very interesting and useful properties [1-5]. 
1.2 Shape Memory Materials 
A shape memory polymer is a polymeric material that exhibits the shape memory effect.  This 
effect can also be found in metals, known as shape memory alloys (SMA), and ceramics, shape 
memory ceramics (SMC).  The shape memory effect was first discovered in metals.  The 
discovery dates back to1963 when a Nickel-Titanium (NiTi) alloy displayed shape recovery 
abilities [6,7].   
The first shape memory polymer was introduced in 1984 by the French company CDF Chimie 
Company and was named Polynorbornene [8,9].  Since this time, interest in SMP applications in 
industry has been high due to their desirable characteristics.  SMPs are able to recover much 
larger strain levels, up to 100% in compression and over 100% in tension, than both SMAs and 
SMCs whose recoverable strain levels are around 10% and 1%, respectively [10,11].  SMPs are 
relatively cheap to manufacture and can be combined with other materials to form composite 
materials with shape memory effects [12,13].  Additionally, they are biocompatible making them 
ideal for applications in the field of biomedics [14,15]. 
1.3 Shape Memory Effect 




to switch between these shapes with the application of energy from an outer source.  The shape 
memory effect, as seen in Figure 1, exhibited by SMAs, SMCs, and SMPs all have different 
driving mechanisms.  For the shape memory polymer, the stages of the shape memory effect are 
as follows: the SMP is in its original shape, it is then deformed to its temporary shape and, upon 
the application of some external stimulus, usually direct heat, the SMP reverts back to its original 
shape [16].  Although the method of activation is typically direct heating, it is possible to activate 
shape memory effects through the application of light, electrical current, and even solvents [17-
19].  Two possible mechanisms have been proposed to explain this effect in SMPs: Two phase 
conformational entropy [12,16,20,21] and time dependent relaxation [22]. 
 
Figure 1 Shape memory effect. Adapted from [4,16]. 
1.3.1 Two Phase Conformational Entropy Mechanism in SMP 
The first of the proposed driving forces for shape memory effects in SMPs is the two phase 
conformational entropy viewpoint.  This mechanism states that SMPs must be made up of two 
separate phases, a hard phase and a soft phase.  The hard phase allows for the memory of the 
permanent, or original, shape and form what are known as “netpoints” which anchor the soft 
phase of the SMP [20].  The soft phase portions connect these “netpoints” and are triggered as 
molecular switches at a given temperature allowing for the deformation to a new, temporary 
shape.  The two-phase polymer chains making up the SMP can be crosslinked through physical 
crosslinking or chemical crosslinking.  Both phases have a transition temperature above which 




transition temperatures can either be the glass transition temperature, Tg, of the phase or the 
melting point, Tm, of the phase.  The transition temperature for the hard phase is known as Tperm 
and is necessarily higher than the transition temperature for the soft phase, known as Ttrans.  
Figure 2 shows the shape memory effect mechanism in SMPs.   
 
Figure 2  Mechanism for shape memory effect in SMPs. Adapted from [12,20] 
Originally, at a temperature below both transition temperatures, crosslinks are present and the 
material is in its permanent shape.  When the SMP is heated to a temperature above Ttrans but 
below Tperm, the mobility of the soft phase becomes high, allowing the material to be deformed to 
a temporary shape.  This is what is meant by the soft phase acting as a “molecular switch.”  
During this deformation process, the polymer chains are uncoiled and become more aligned in a 
single direction (the loading direction).  This orientation of the polymer chains leaves them at 
lower entropy levels than the original, coiled polymer chains.  The energy associated with this 
lower state of entropy is the driving force behind the recovery of the permanent shape.  When the 
temporary shape is constrained and the SMP is cooled to a temperature below Ttrans the 




polymer chains readjust to the higher entropy configuration of coiled polymer chains which, on 
the macro-scale, reforms the permanent shape.   
1.3.2 Structural and Stress Relaxation Mechanism 
Nguyen et al. propose a new and different explanation for the mechanisms causing shape 
memory effect in SMPs.  They hypothesize that, “structural and stress relaxation are the primary 
molecular mechanisms of the shape memory effect and its time-dependence” [22].  They propose 
that the rate of the shape memory effect is influenced by structural and stress relaxation.  Their 
model relates the shape memory effect to the molecular mobility of polymer chains, which 
depend on both temperature and time.  When an SMP is strained at a high temperature and 
released, the chain mobility allows the strain to be recovered at a certain rate.  When the 
temperature drops below the glass transition temperature Tg, that rate is reduced to a point of 
becoming insignificant.  Upon reheating to a temperature above the Tg, it is the increase in the 
polymer chain mobility that drives return to the original shape. 
1.4 Thermomechanical Cycle 
The thermomechanical cycle of a SMP refers to the process of transitioning between permanent 
shape to a temporary shape and back to the permanent shape [23-26].  These two transitions are 
known as programming and recovery.  Typically, the thermomechanical cycle is said to consist 
of four distinct steps: High temperature loading, cooling, unloading, and recovery.  The 
programming process, transitioning from permanent shape to temporary shape, includes the first 
three steps of the thermomechanical cycle.  During step 1, the sample is at a temperature above 
its transition temperature, Ttrans, and a load is applied causing the sample to deform.  At this 
point, the strain level, εm, is the ideal strain before “spring back” and the corresponding stress is 




relaxes to a lower strain level.  In step 2 either the load or the strain is constrained while the 
sample is cooled below Ttrans.  Once the sample has cooled, the load is removed, or the strain is 
unconstrained, and the sample may experience spring back. The sample has now been 
programmed to its temporary shape at a strain value of εu.  In step 4, the free recovery process 
occurs in which the sample returns to its permanent shape from its temporary shape.  The sample 
is heated back above Ttrans and the SMP undergoes a strain change from its current level, εu, to a 
new strain level εp, measured when the strain has stabilized.  This new strain level, ideally, 
returns the sample exactly to its original shape.  Often, this cycle is repeated at this point, which 
is why there is a step 5 presented in Figure 3, it denotes the same step 1 but for cycle 2.   
 
Figure 3 Thermomechanical cycle of SMP represented in a two-dimensional and three-
dimensional plot. [16] 
1.5 Shape Fixity and Shape Recovery 
The two most important measures of shape memory performance are shape fixity and shape 
recovery.  Both parameters are dimensionless ratios of the different levels of strain experienced 
by the SMP during the thermomechanical cycle.  Qualitatively, the shape fixity is a measure of 
how well the SMP can maintain its temporary shape and the shape recovery is a measure of the 









where εu(N) is the strain level after the programming step has been completed for the Nth cycle, 
and εm is the ideal strain level before spring back [20].  A sample with perfect shape fixity would 
have εu(N) equal to εm giving it a shape fixity of 1, or 100% as it is common to see both shape 
fixity and shape recovery expressed as percentages. 
The shape recovery for N Cycles, Rr(N), can be found using 
𝑅! 𝑁 =
𝜀! − 𝜀!(𝑁)
𝜀! − 𝜀!(𝑁 − 1)
 
where εp(N) is the strain measured after the recovery process is complete for the Nth cycle.  
Since, initially, the permanent shape is strain free, for the case of the first cycle εp(N-1) is zero 





1.6 Syntactic Foam 
Syntactic foam is a composite material in which hollow particles are surrounded by a matrix that 
can be metallic, ceramic, or polymeric [27].  In a regular foam material, air pockets are dispersed 
throughout a matrix which can greatly reduce the density of the material.  The syntactic foam 
accomplishes this in a more controlled manner by allowing more even distribution of gas pockets 
[28,29].  Syntactic foams are commonly used in aerospace applications due to their low weight 
to strength ratio and ease of formability [29].  Also, since the gas pockets are contained, syntactic 
polymer foams are excellent for buoyancy applications [30].  One common hollow particle used 
for syntactic polymer foams is glass microspheres.  Glass microspheres are inexpensive, readily 




found in a variety of diameters and wall thicknesses.  Figure 4 illustrates the microstructure of a 
syntactic foam consisting of glass microspheres dispersed in a shape memory polymer matrix. 
The addition of hollow fillers into a polymer matrix can serve various purposes.  The filler can 
be used to enhance the mechanical characteristics of the polymer matrix as well as decrease the 
density or cost [32-34].   
 
Figure 4  SEM image of glass microspheres in a SMP matrix [4] 
1.7 Scope and Objectives of Research 
As previously mentioned, the use of a shape memory polymer as the matrix material in a 
syntactic polymer foam can lead to a material with interesting and useful characteristics [1-5].  
The research in this paper pertains to just such a material, made up of 40% glass microspheres 
suspended in a SMP matrix.  In [3] it has been shown that the inclusion of 40% glass 




This SMP based syntactic foam has been proposed for use in an expansion joint between two 
concrete sections of a bridge due to its shape memory properties and low density.  As thermal 
fluctuations cause the concrete slabs to expand and contract, adhesive failure of the joint material 
may occur.  Failure of such joints can allow water erosion and weathering of the bridge structure 
beneath leading to costly maintenance and possibly even dangerous conditions [35]. For this 
reason, shape memory characteristics are desirable.  If the sealant can shrink and grow along 
with the concrete, then there will be less of an opportunity for debonding due to thermal 
expansion and contraction.  Also, the sealant would be able to keep a flat surface on the road 
throughout the year leading to less wear on the strips themselves.  For this particular application, 
the strip length, perpendicular to the roadway, would not need to be programmed.  However, the 
other two directions must be programmed; one in tension and one in compression. As the 
temperature increases and the concrete expands, the sealant will be compressed between the two 
slabs, due to the Poisson’s ratio, the sealant will want to extend outward into the roadway.  To 
prevent this, the foam that is parallel with the surface of the road should be programmed in 
tension so that when it is recovered it decreases its strain in this direction.  Likewise, as winter 
approaches and temperatures decrease, the sealant will need to expand in order to provide a 
compressive force on the thermally contracted concrete slabs to avoid debonding.  Therefore the 
objective of this study is to experimentally investigate the thermomechanical cycle of the SMP 
foam under biaxial loading conditions; having one direction under compression and another 
under tension.   
No such testing had been done previously, so a new experimental procedure was laid out.  
Decisions were carefully made about whether the programming should be done simultaneously 




programming strain for both compression and tension.  Also, a new sample shape and size was 
developed per the requirements of the experimental procedure.  Since a novel testing procedure 
was to be used, no ASTM standards met the requirements of the test.  ASTM standards were 
used in the design of the final sample, but to ensure quality a finite element analysis study was 
conducted on the proposed sample design. 
Eventually, the new two-stage, biaxial programming and recovery tests were completed along 
with the associated data analysis.  This thesis represents the culmination of this study and 
presents the development of the tests, sample dimensions, and the results of those experiments.  






Chapter 2.  Material Properties and Sample Fabrication 
2.1 Raw Material Properties 
The syntactic foam samples will be made up of glass microspheres suspended in a shape memory 
polymer matrix.  As previously mentioned, this research is a part of a larger overall group of 
papers investigating the properties of a particular shape memory polymer based syntactic foam, 
so all material choices were made before this research was undertaken.  The SMP is a 
thermosetting styrene-based resin and hardener previously sold under the name Veriflex® by 
CRG Industries.  Since the onset of the research, the resin and hardener system have been taken 
off of the market and the SMP is available only in solid, already cured, form.  The pure SMP has 
a nominal glass transition temperature of 62oC.  The resin, Part A, is made up of about 50% 
stabilized styrene monomer, less than 50% styrene block copolymer, and less than 20% of a 
proprietary mixture.  The curing agent, Part B, is comprised of about 52% dibenzoyl peroxide, 
less than 48% tricresyl phosphate, and 4% silane [1].  Some of the important material 
characteristics for the hardened SMP are provided in Table 1 [1,2,36]. 
Table 1  Shape Memory Polymer Properties 
Material Properties for Cured Veriflex® SMP 
Tensile Strength, Ultimate 23.0 MPa 
Tensile Modulus 1.24 GPa 
Compressive Strength 32.4 MPa 
Compressive Modulus 1.45 GPa 
Poisson’s Ratio 0.5 
 
The glass microspheres suspended in the SMP matrix are Q-Cel® 6014 manufactured by Potters 
Industries.  Table 2 provides some of the material properties for these microspheres [4,37]. 
Through the fabrication process, these two material components are joined to form the SMP 




glass microspheres and 60% SMP, the glass transition temperature, Tg, of 70.5 oC, and a 
Poisson’s Ratio of 0.38 [2,4].  
Table 2  Microsphere Properties 
Properties for Q-Cel® 6014 Microspheres 
Mean Diameter 85 µm 
Wall Thickness 0.8 µm 
Bulk Density 0.08 g/cm3 
Effective Density 0.14 g/cm3 
Crush Strength 1.72 MPa 
Poisson’s Ratio 0.2 
 
2.2 Fabrication 
The actual manufacturing of the foam is rather simple.  The SMP resin, Part A, is measured out, 
as shown in Figure 5, and poured into a large container.   
 
Figure 5  Measurement of SMP resin [4]. 
Next, the appropriate amount of glass microspheres is measured out in order to yield 40% 




two materials are hand-mixed in the large container.  Once this mixture has come to a uniform 
consistency, more glass microspheres are added until all microspheres are mixed with the SMP 
resin.  At this point the SMP hardener, Part B, is added and thoroughly mixed by hand into the 
resin-microsphere combination.  The resin to hardener weight ratio is 24 to 1, per manufacturer 
recommendations.  The mixture is then poured into the mold shown in Figure 2, which consists 
of 2 glass panels coated with releasing agent, and a steel frame.  The frame was made of square 
bar with a thickness of 12.7mm and inner dimensions of 228.6 x 228.6 mm2 and the glass plates 
are 19mm thick. When the mixture is poured into the mold, it is then “degassed,” this process 
involves placing the open-faced mold into a vacuum chamber for 20 minutes at a negative 
pressure of 40kPa.   
 
Figure 6  Glass plate and steel frame of mold.  Top glass plate not pictured. [4] 
Once the foam mixture has been degassed, the top glass plate is put on and the mold is clamped 
shut.  At this point, the mixture is cured.  The curing cycle for the SMP based foam is not the 
same as that for the pure SMP, which is provided by the manufacture.  The curing cycle used in 
this research was developed through the effort put forth by fellow researchers Manu John, 




a temperature of 79.4 oC.  At the end of this time, the temperature is increased to 107.2 oC and 
held for 3 hours.  The temperature is then increased to 121.1 oC and held for 9 more hours before 
the mold is removed from the oven and left to cool to room temperature.  Once the material has 
cooled to room temperature it is carefully removed from the mold and the bulk sample is ready 





Chapter 3. Sample Design and Validation by Finite Element Analysis  
3.1 Sample Dimensions 
In order to conduct the 2-D programming of the SMP based syntactic foam, the first step is to 
design the samples. The sequence of programming is to first do a tension programming along 
one direction per the traditional way of programming (at temperature above Tg) and the second 
step is to conduct a compression programming in the transverse direction (perpendicular to the 
tension direction) per the new way of programming (at temperature below Tg). The fundamental 
requirements are that the sample must have a uniform tensile stress under tension programming, 
will not buckle under compression programming, and will be thick enough to provide strains in 
the compressive direction that are significantly larger than the errors associated with the strain 
measurement.  ASTM standards were investigated for similar materials but these standards did 
not meet all dimensional requirements for this testing.  First, the testing required a sample that 
could be pulled in tension while ensuring even stress distribution.  This is typically accomplished 
using a dogbone sample for which there are many ASTM standards.  However, the second 
requirement for a compressive stress without buckling calls for a much thicker sample than the 
ASTM standards allow.  For example, an ASTM sample may call for a 2mm thick dogbone 
sample; if this is to be subjected to 5% compressive strain then only 0.1 mm of displacement is 
required.  On this scale, errors from measurement are quite large compared to the scale of 
measurement, rendering data that is difficult to analyze. Also, if compression programming were 
performed in the other direction, this sample would have an aspect ratio of 10mm/2mm = 5, 
which will cause buckling, particularly for programming at temperature below Tg because the 
compressive prestress is very large.  In this study, the ASTM D638M-89 [38] was used for the 




enough to allow for a conveniently measurable compressive strain.  Also, this leads to 
convenient sample sizes and may eliminate buckling under the subsequent compressive loading 
due to a reasonable aspect ratio of 1.  The final sample, with a thickness of 10 mm throughout, 
can be found in Figure 7. 
 
Figure 7  Schematic of Dogbone Sample 
Because the revision of the sample dimension, it is required to analyze the stress distribution 
under tension. If the stress is not uniformly distributed along the gage length, further 
modifications are needed. Therefore, once an initial sample design was mapped out, extensive 
Finite Elements Analysis (FEA) was done to ensure even distribution of the stresses in the 
testing span during tensile testing.   
3.2 Finite Element Analysis 
The first step in FEA is to develop a model with a loading situation and appropriate boundary 
conditions, BCs, which will accurately predict the behavior of the dogbone sample under tension.  
A boundary condition is an imposed value on the model; it can be applied at a particular node, 
along a line, or on an entire surface.  On the left and right sides of the sample, the 25mm portion 




the transverse and longitudinal directions, or x- and y-directions in this case.  This corresponds to 
a clamped edge allowing for the model to be simplified by eliminating the gripped portion and 
simply holding the right and left edges clamped instead.  Such steps are necessary in FEA due to 
the nature of solving such complex geometries.  Reasonable simplifications should be made 
wherever possible.  Figure 8, zoomed in on the left hand side only, shows one such modification 
in which the 25 mm long “grip” portion of the sample has been removed and the left edge is 
clamped. 
 
Figure 8  Clamped Left Edge of FEA Model 
Noticing the symmetry in the dogbone sample can lead to another simplification.  The sample is 
symmetric along both its x- and y-centerlines. Since we are trying to prove that the center of the 
sample is under uniform stress, the choice is made to only use the symmetry conditions along the 
x-centerline.  By applying symmetry conditions about the x-centerline the model is cut in half as 
seen in Figure 9. This figure also denotes the boundary conditions imposed on the model.  To 




displacements, ux and uy, to zero.  The symbols on the left side of the figure signify these 
clamped boundary conditions.  The “s” symbol along the top edge denote application of 
symmetry conditions, which set the shear stress, τ, and y-direction displacement, uy, to zero 




Figure 9  FEA model clamped on the left side with symmetry conditions on the top edge 
 
The model has been thoughtfully simplified and is a quality representation of the dogbone 
sample under a tensile load, but it is not perfect.  By performing the patch test seen in Figure 10 
on this model, applying hydrostatic pressure, the existence of a singularity in ANSYS can be 
seen at the bottom left corner of the model, (x,y)=(0,0).  A patch test without a singularity would 
have uniform stress distribution.  This singularity can be found at any right angle corner in which 
one edge is clamped and the other edge is free.  A singularity is a point in an FEA model at 









Figure 10  Patch test of tensile dogbone FEA model 
Despite this, the singularity in this model is significantly far away from the area in which results 
are desired, namely the area within the curves from which the samples will be taken for testing.  
Since a stress singularity introduces higher stresses than would be found in reality, if the stress 
distribution results are acceptable at high refinement with a singularity present, then it can be 
said with confidence that the stress distribution will be acceptable in reality. 
In order to mimic the true loading situation during the tensile programming, the right hand edge 
of the model has the following BCs applied: ux = 26mm, uy = 0mm.  The 26mm is set to deform 
the dogbone sample to an overall strain of 40%, which is the maximum level of tension that will 
be necessary for testing.  By imposing a strain instead of a load on the sample, the right hand 
side experiences a state of being clamped just like the left side, which is not possible by applying 
a load. 
Now that the testing plan is set, the model must be meshed in order to solve the situation.  The 
analysis used five meshes of 8-quad nodes and increasing refinement typically called coarse, 






and each element is made up of nodes, which are the sights at which an FEA program evaluates 
calculations to solve the overall system of equations.  An 8-quad node refers to a quadrilateral 
shaped element with a node at each corner as well as a node at the midpoint of each side.  
Analysis begins with the coarse mesh that is comprised of 49 elements and 196 nodes; some 
nodes are shared by different elements.  After applying the mesh and the boundary conditions, 
the analysis is run and a solution is given. This step is repeated for each refinement.  After 3 
layers of refinement, medium, fine, and super-fine, the mesh is now a super-super-fine mesh with 
12544 elements with 38401 nodes.  The meshes can be found in Figure 11.   
The results for all meshes must be compared in order to check for convergence of the model.  If 
results are not converging, then the test results cannot be trusted and further testing is required.  
The idea is that each round of results is yielding a numerical result that is closer and closer to the 
actual solution so the difference between each step in refinement should be changing by less and 
less and approaching a certain answer.  This is shown by the convergence checks shown in the 
following equation:  
𝐼𝑓 ∶         𝜎! − 𝜎! > 1.1 𝜎! − 𝜎!      →   𝑐𝑜𝑛𝑣𝑒𝑟𝑔𝑖𝑛𝑔 
𝐼𝑓 ∶         𝜎! − 𝜎! ≤ 1.1 𝜎! − 𝜎!      →   𝑑𝑖𝑣𝑒𝑟𝑔𝑖𝑛𝑔 𝑜𝑟 𝑛𝑜𝑡 𝑦𝑒𝑡 𝑐𝑜𝑛𝑣𝑒𝑟𝑔𝑒𝑑 
where 𝜎! is the stress value for the first mesh, 𝜎! is the stress value for the second mesh, and 𝜎! 
is the stress value for the third mesh.   
In words, what these equations state is that the difference in stress values for meshes of 
increasing refinement must be decreasing by at least 10 % for convergence to be claimed.  Such 
convergence checks were carried out at various nodes throughout the model, one of which was 




singularity in the clamped model.  Tables 3 and 4 show the convergence checks for this point.  






Figure 11  Mesh refinement. Top to bottom: coarse, medium, fine, super-fine,  
and super-super-fine 
 
Table 3  Convergence check of the x-direction stress, σx, at (x,y) = (10, 5) 
Mesh σx  (kPa) Δσx  (kPa) Converging? 
Coarse 2147.6 16.8 Yes 
Medium 2164.4 
2.1 
Fine 2166.5 Yes 
0.6 
Super-fine 2167.1 





Table 3, applies the convergence equations and criteria to the x-direction stress values at the 
point (x,y) = (10,5).  It can be observed that the results are converging the entire time.  This is in 
contrast to the results of Table 4, which tabulates the convergence check of the same point, but 
using the y-direction stresses.  At first the stress values do not seem to be converging, but this 
does not necessarily mean that the series will be divergent, it could simply mean that the values 
have not converged yet, which turns out to be the case. 
Table 4  Convergence check of the y-direction stress, σy, at (x,y) = (10, 5) 
Mesh σy  (Pa) Δσy  (Pa) Converging? 
Coarse -9432.4 3815.3 No 
Medium -5617.1 
4943.5 
Fine -673.6 Yes 
505.0 
Super-fine -168.6 
Yes 124.0 Super-super-fine -44.6 
 
These tables provide an example of the application of a convergence check, but it must be 
mentioned that they are not the only convergence checks that were performed during the FEA.   
After convergence is shown for the portion of the FEA model that we are concerned with, the 
results are analyzed.  Analysis was done for all meshes, but since convergence has been shown, 
the super-super-fine mesh results are compared since they are the most accurate.  The x-direction 
stress results can be seen below in Figure 12. 
 




Although the plot shows multiple levels of stress near the grip, the portion of the sample that is 
to be used for further testing is in a state of uniform stress.  This same pattern is seen in the 
contour plots of both the y-direction stress, Figure 13, and the shear stress, Figure 14. 
 
Figure 13  Contour plot of stress in the y-direction 
 
Figure 14  Contour plot of xy-shear stress 
While the contour plots offer great visualization of the stress distributions within the dogbone 
sample, it is important to go through the nodal solutions in order to determine how much of the 
sample region of the dogbone specimen is in a uniform stress state.  In this case, uniformity is 
considered a stress that is within ± 10% of the stress in the x-direction at the top center of the 
model.  This is because this point is the farthest from the singularities and is therefore the most 
reliable.  By analyzing various nodes just within the test region, 10mm < x < 14mm and 51mm < 
x < 55mm, it was found that at x=12.5mm and 52.5, the x-stresses in this zone are all within ± 
10% of the uniform stress of 2.12 MPa.  In this region, the maximum difference in stress is 
within 10% and drops off quickly; by x=14.5 mm, the largest difference in stress is 1.1 %.  In 
light of this analysis it can be stated that the test region is in a uniform stress state from 2.5 mm 




of uniformly stressed sample from which 4 samples of approximately 10 mm in original length 
can be cut for use in compressive programming.   
The bulk SMP based foam was then cut into the dogbone specimen shapes in the Chemical 
Engineering Machine Shop at Louisiana State University and can be seen in Figure 15.   
 





Chapter 4. Experimental Procedures and Equipment 
4.1 Testing Apparatus and Instrumentation 
The SMP foam dogbone sample seen in Figure 15 is now ready to undergo the two-stage, biaxial 
programming and recovery testing.  This is a new and unique material test that is comprised of 
high temperature tensile programming, room temperature compressive programming in the 
transverse direction, and then high temperature recovery.   
The tensile testing was performed on a QTest/150 MTS machine fitted with a Eurotherm heating 
chamber, shown in Figure 16.  Due to the spatial limitations within the furnace, two fixtures are 
used to grip the dogbone sample, which can be seen in Figure 17. 
 






Figure 17  Tensile sample gripped by fixtures inside of heating chamber mounted on MTS 
machine 
 





A closer view of the sample mounted in Figure 17 is provided in Figure 18 and it can be seen 
that different sections of equal length have been marked.  Each of these sections is 10mm long 
and the marks serve a dual purpose.  They ensure that each compressive sample began with a 
length of 10 mm and each segment can be measured to find the true strain imposed on any given 
section of the tensile specimen.   
4.2 Testing Procedure 
4.2.1 Tensile Programming Procedure 
Before the tensile sample can be mounted, the heating chamber is brought to a temperature of 79 
oC and held for 45 minutes.  After this, the sample is placed in the chamber to heat freely for 20 
minutes.  At this point the sample is mounted in the fixtures as shown in Figure 11 and the 
heating chamber is closed.  The sample is allowed to sit for 10 more minutes so that it can come 
to a uniform 79 oC.  At this point the MTS applies a tensile stress at a constant rate of 1.3 
mm/min until the desired tensile strain level is reached.  Tensile strains of 5%, 25%, and 40% 
were programmed for this research.  Once the desired strain level is achieved, the strain is 
constrained and the sample is allowed to slowly cool to room temperature.  Once the sample has 
reached room temperature, the grips are released and the sample is now programmed to the 
desired strain level.  The temperature, stress, and strain are recorded throughout this process.  
Figure 19 shows unmarked side of dogbone samples programmed to different levels of tensile 
strain. 
Once the samples have been successfully programmed, the pre-marked segments are measured 







Figure 19  Comparison of samples programmed to various tensile strains 
4.2.2 Compressive Programming Procedure 
Each segment of the dogbone sample is cut down and grinded to form a rectangle.  All dimensions 
are  measured  and  recorded  and  the  samples  are  divided  into  groups  to  cover  the  full  range  of 
tensile  and  compressive  programming  values.    All measurements were made  using  calipers  and, 
when applicable, measurements were taken at the center of a sample face.  All samples at this point 
have  been  programmed  in  the  tensile  direction  to  a  strain  of  5%,  25%,  or  40%.    Each  of  these 
tensile  strain  groups  is  divided  into  two  sets  of  samples  to  be  programmed  to  5%  and  25%  in 
compression;  meaning  that  there  are  six  groups  of  unique  tensile‐compressive  programming 
combinations. Each group has three samples to allow for error analysis. These samples are marked 
in  the  tensile,  compressive,  and  free  directions  and,  to  avoid  confusion,  its  programmed  strain 
combinations, 5‐5, 5‐25, 25‐5, etc., were marked as well  (25‐5 refers  to a sample programmed to 
25% tensile strain and 5% compressive strain).   














Figure 20  SMP foam sample after tensile programming to 40% strain and compressive 
programming to 25% strain.  Arrows denote the tensile and compressive directions 
4.2.3  Recovery Procedure 
The next step in the testing procedure is to recover the samples.  The same heating chamber used 
for high temperature tensile programming is used during the recovery step.  The sample is placed 
into the heating chamber and two linear variable differential transformers, LVDT, are attached to 
two faces of the sample. Figure 21 shows the configuration inside the heating chamber for the 
recovery step. 
These LVDTs measure the deformation of the sample; either expansion or contraction depending 




be directly measured but since there are three samples in each group, there is LVDT data for the 
tensile, compressive, and free directions for all strain combinations. 
 
Figure 21  Sample and LVDT placement in heating chamber for recovery 
The recovery phase itself involves slowly ramping up the temperature in the heating chamber to 
ensure that the sample is the same temperature as its environment.  The sample is loaded into the 
heating chamber as illustrated in Figure 21 and the LVDT and thermocouple data begin 
recording.  The heating chamber is set to of 51.7 oC and this temperature is held for 20 minutes.  
At the end of 20 minutes, the temperature is increased by 2.8 oC every 10 minutes until the 
maximum temperature of 79.4 oC is reached.  This temperature is held for 20 minutes and at the 
end of this time data recording is stopped and the recovery phase is complete.  The sample is 
taken out of the chamber and after at least 24 hours, the sample dimensions are recorded.  Figure 
22 compares two samples in the same group; one sample has been recovered and the other has 





Figure 22  Comparison of unrecovered sample (left) to recovered sample (right) 
It is clear that the recovered sample has not returned to its original rectangular shape and the 







Chapter 5. Results and Analysis 
5.1  Thermomechanical Cycle 
Upon completion of the 2-stage biaxial programming and recovery, the recorded data was 
compiled and analyzed.  Analysis of this data proved challenging due to the fact that 2-stage 
biaxial testing is a new approach and mixes high temperature programming in the tensile 
direction with room temperature programming in the compressive direction.  Since these two 
programming processes are mixed, there are complex relationships between stress, strain, 
temperature, and time that must be carefully studied.  For this reason various combinations of the 
recorded information have been plotted in order to get a more complete understanding of how 
the different variables interact.  Therefore, it is beneficial to present a single complete set of 
results for a deeper understanding of the subject matter before making comparisons of the overall 
data. 
Analysis begins with the plotting of high temperature tensile programming.  As previously 
explained, this programming consists of 3 steps, shown graphically in Figure 23 which shows the 
three steps of high temperature tensile programming to a strain of 25% by plotting stress - strain 
– temperature response.  Step 1 shows stress application at high temperature until the desired 
strain level is reached, which is 25% in this case.  In Step 2, the strain level of 25% is confined 
and the sample is slowly cooled to room temperature.  During this step the stress increases with 
decreasing temperature until room temperature is reached, due to thermal contraction of sample.  
Lastly, in Step 3, the testing grips are released and the tensile stress is removed at room 
temperature.  With the removal of the stress, a negligible spring back occurs. 
This high temperature programming was performed to tensile strains of 5%, 25%, and 40%.  At 




is done in a transverse direction.  Figure 24 shows the three step, room temperature compressive 
programming to a compressive strain of -25%.   
 
Figure 23 High temperature programming to 25% strain in the tensile direction 
This sample has undergone high temperature tensile programming to a strain of 25% before the 
room temperature compressive programming begins.  Due to the Poisson’s ratio effect of the 
material, there is a corresponding strain in the compressive direction that is associated with zero 
stress during the high temperature tensile programming.  This is labeled in the figure as the 
“Poisson Effect.”  Step 1 of the compressive programming stage occurs after the sample has 
cooled to room temperature from the tensile programming stage.  Step 1 is the application of a 
load that deforms the specimen to a pre-determined level of strain, in this case 25%.  In Step 2, 
the strain is held for 30 minutes and the stress begins to drop. Step 3 is the release of the 
compressive stress at the end of the allotted 30 minutes for Step 2.  Following Step 3, there is 
often a small drop in compressive strain, which is due to less than 100% shape fixity and is 










After both stages of programming have been implemented, the sample is recovered by slowly 
ramping up the temperature to the programming temperature.  The samples are unconstrained in 
all dimensions during recovery; this is called a free recovery.  While recovery is taking place, the 
strains in the tensile, compressive, and free directions are recorded.  Figure 25 shows the 
recovery stage in all three directions for a specimen that has a “nominal” tensile strain of 25% 
and a “nominal” compressive strain of -25%.  The word “nominal” is used because the actual 
strain in each direction also includes the strain caused due to the Poisson’s ratio effect, which 





Figure 25 Recovery Strain vs Temperature in the tensile, compressive, and free directions for a 
sample programmed to 25% in the tensile direction and -25% in the compressive direction 
By studying the figure, it can be seen that recovery does not begin until a temperature of about 
50 oC and recovers only slowly at first.  The recovery rate really begins to increase rapidly at 
around 65oC.  This is very near the glass transition temperature of the foam, at 70.5oC, and it is 
likely that this temperature is within the glass transition zone [4].  The glass transition zone is a 
range of temperatures over which the polymer goes from glassy to rubbery.  The temperature 
increases in 5 degree increments and the recovery per degree gets larger at higher overall 
temperatures.  This plot contains lots of valuable information including the pre-recovery strain in 
each of the primary directions, the final strain in all directions, and the recovery rate in all 
directions.  By combining this data with the programming data from Figures 23 and 24, a 
complete themomechanical cycle for both the tensile and compressive directions is plotted in 
Figures 26 and 27.  Note that since the free direction does not undergo a programming stage, a 





Figure 26  Thermomechanical Cycle in the tensile direction for a sample programmed to a strain 
of 25% in the tensile direction and -25% in the compressive direction 
 
Figure 27  Thermomechanical Cycle in the compressive direction for a sample programmed to a 
strain of 25% in the tensile direction and -25% in the compressive direction 
In a classic themomechanical cycle, once the recovery step is over the shape recovery can be 




programming.  However, since this is a two-stage biaxial test there is a dilemma; what 
measurements should be used?  The challenge is to figure out how the shape recovery definition 
and equations can be adapted to represent the reality of a cycle that has programming in 
transverse directions.  There are two basic options for calculating the shape recovery for the two-
stage biaxial thermomechanical cycle, the first is to include the strains due to the Poisson’s effect 
from the transverse programming step, and the second is to omit those strains.  This topic is 
addressed more fully later on, but, in short, the shape recovery values that include the strains 
from Poisson’s effect are more in line with the classical meaning of the two parameters.  The 
shape recovery should represent a material’s ability to return to its permanent shape from its 
temporary shape.  Table 5 provides the values associated with a 25% strain in the tensile 
direction and -25% strain in the compressive direction that are necessary for calculating the % 
recovery (including the Poisson ratio induced strains) as well as the shape fixity in the 
compressive direction.  Shape fixity is a measure of a material’s ability to maintain an imposed 
strain once a load is removed.  In this case, the compressive % recovery was about 58%, the 
compressive shape fixity was 94%, and the tensile % recovery was nearly 75%; these were found 









The right column of Table 5 shows what the different values of un are with respect to the stages 
of programming and recovery in the tensile and compressive directions.  For example, the value 




stage and in the compressive direction it is the measurement made after the tensile programming 
is complete, but before the compressive programming has begun. 
Table 5 Measured values required for shape fixity and shape recovery calculations for a sample 
strained to 25% in the tensile direction and -25% in the compressive direction 
Tensile (mm) Compressive (mm) u (Measured dimension) 
Initial 9.14 Initial 9.96 1 
After Step 3 11.92 After Poisson effect 9.10 2 
After Poisson 
effect 12.34 After Step 3 6.99 3 
After Step 4 9.96 After Step 4 8.72 4 
N/A N/A From strain imposed in Step 1 6.83 i 
 
Graphically, the shape fixity is marked as “Relaxation” and it is also known as “spring back.”  In 
other words, the shape fixity is the strain after relaxation divided by the strain imposed during 
programming.  Due to the nature of the tensile programming, the shape fixity values have not 
been calculated.  The tensile programming is done on the large dogbone sample that is 
subsequently cut into 4 smaller samples to be programmed in compression. As explained, the 
dogbone sample is marked before the tensile programming takes place in order to find the real 
strain in each sample.  While the dogbone sample is loaded into the chamber for programming, it 
is not feasible to measure each segment while the load is applied, and so the only spring back 
measurement that can be tabulated is that of the whole length of the dogbone sample once it is 
released from the grips.  In reality, what this means is that the tensile direction of all four 
samples were end to end and it would not be accurate to claim to know which segment 
experienced a shape fixity of a certain percentage. 
Ideally, Figures 26 and 27 could be combined into a single plot, however, since the compressive 




those needed for tensile programming and it becomes necessary to plot them separately in order 
to show more detail for analysis. 
As previously stated, step 2 in room temperature compressive programming cannot be clearly 
seen on the stress - strain - temperature plot as it has to do with time, for this reason, a new set of 
graphs was generated using stress, strain, and time in both the tensile and compressive directions.  
Figure 28 shows one such plot on which step 3 in the compressive programming stage can be 
seen more clearly. 
 
Figure 28  Programming and recovery cycle in the compressive direction of a sample strained to 
25% in the tensile direction and -25% in the compressive direction 
By looking closely at the stress, strain, time figure it can be seen that the Poisson’s effect due to 
the high temperature tensile programming occurs first chronologically.  This stress is held in 
place while the sample cooled to room temperature.  Once the sample cools to room temperature, 
the compressive programming begins with step 1.  Once the desired strain level is reached, step 2 




time.  Figure 28 provides a closer Steps 1 and 2, which can be difficult to study considering their 
time scales compared to the overall time scale of the full cycle.  For this reason, the Step 1 and 
Step 2 in Figure 28 are zoomed in on in Figure 29.  At this point, the compressive load is 
released in step 3; the stress is eliminated and relaxation, or spring back, occurs.  The sample is 
then heated and recovery takes place in step 4. 
 
Figure 29 Compressive stress vs time in the compressive direction for a sample programmed to a 
strain of 25% in the tensile direction and -25% in the compressive direction 
From Figure 29 it can be seen that the stress drops off rather quickly at first and by the time the 
30 minutes is over, it is approaching a final value of about 6 MPa.  This phenomenon is 
indicative of the viscoelastic nature of the shape memory polymer syntactic foam.  Due to having 
properties similar to both viscous materials and elastic materials, the stress in a viscoelastic 
material can reduce over time when the material is held at a constant strain [40,41], which 




Plotting the stress-strain behavior of the SMP foam versus time is a particularly effective tool for 
looking at the two-stage programming in chronological order.  Figure 30 reveals the stress, 
strain, and time relations for the tensile direction through recovery.  
 
Figure 30  Programming and recovery cycle in the tensile direction for a sample programmed to 
a strain of 25% in the tensile direction and -25% in the compressive direction 
 
 
 Steps 1 through 4 can be clearly seen, along with the Poisson’s effect due to the compressive 
programming stage.  From this plot we can more clearly see that the bulk of the time throughout 
this full cycle is step 2 of the tensile programming stage waiting for the sample to cool to room 
temperature.  It should be noted that for both tensile and compressive directions, step 4 occurs at 
the same time.  This can be seen in Figures 31 and 32, which plot the tensile and compressive 
directions together.  Figure 31 is a truer representation of the stresses and strains occurring; to 
plot tensile stresses and strains on the same graph as compressive stresses and strains, one of 





Figure 31 Programming and recovery in the tensile and compressive directions for a sample 
programmed to a strain of 25% in the tensile direction and -25% in the compressive direction 
(C=Compression, T=Tension) 
While this figure can provide plenty of information about the full cycle in both directions, it is 
not conducive for comparison between the two directions.  For this reason, Figure 32 plots both 
tensile and compressive stresses and strains as positive values. 
Figure 32 shows clearly the chronological order of the two stages of programming and also 
reveals in detail the stresses and strains in both the tensile and compressive directions that are 
occurring simultaneously.  It is clearly shown that Step 1 in the tensile direction, T Step 1, leads 
to the Poisson’s Effect in the compressive direction.  Similarly, C Step 1 and the Poisson’s Effect 
in the tensile direction occur over the same time interval.  For both compressive and tensile 
programming, steps 2 and 3 occur without having much effect on the transverse directions so the 
transverse simply moves forward with time keeping the same stress and strain values.  Once both 




the recovery step.  Since the entire sample is recovered at once, both tensile and compressive 
recovery, T & C Step 4, occur simultaneously as seen in Figures 31 and 32.   
 
Figure 32  Comparative programming and recovery in the tensile and compressive directions for 
a sample programmed to a strain of 25% in the tensile direction and -25% in the compressive 
direction (C=Compression, T=Tension) 
5.2 Comparison of Samples Programmed to Different Strain Levels 
These results were done for all tensile and compressive programming combinations and the 
results were compared against one another in order to more clearly see the changes caused by 
different variables.  Figure 33 shows the full thermomechanical cycle in the tensile direction for 
a compressive programming strain of 5%. 
The shapes of the different graphs are very similar.  As previously mentioned, due to equipment 
constraints, the tensile strain values were done using platen separation, which is not ideal 
because portions of a dogbone sample may strain more than others.  This is why for the plots 






Figure 33  Comparison of thermomechanical cycles in the tensile direction of samples 
programmed to a strain of -5% in the compressive direction and 5%, 25%, and 40% in tension 
 
 
Also, at this scale it can be difficult to see the Poisson’s ratio effect from the 5% compressive 
programming because the Poisson ratio is 0.38 for this foam, the Poisson’s effect is less than 2% 
strain.  Also, when studying the curve corresponding to a tensile strain of 5% it can be seen that 
there is a slight spring back in the strain once the load is released but this relaxation is almost 
entirely made up for by the Poisson’s effect from the compressive programming.  This Poisson’s 
effect is much more apparent in Figure 34 which shows all three tensile thermomechanical cycles 
with a compressive strain of -25%.   
Comparing Figures 33 and 34 it can easily be seen that the final strain in the tensile direction is 
much higher for the latter figure, which is to be expected since the Poisson’s ratio induced strain 





Figure 34  Comparison of thermomechanical cycles in the tensile direction for sample 
programmed to a strain of -25% in the compressive direction and 5%, 25%, and 40% in the 
tensile direction 
 
However, the final strain values in these figures must be evaluated further.  For example, the 
final tensile strain of roughly 30% would lead to a shape recovery of only about 43%, but after 
measuring the sample itself, seen in Figure 35, and calculating the recovery it is found to be 
closer to 88%.   
 





The photograph shows one sample that has been programmed to 40% in tension and 25% in 
compression; the difference is that the sample on the left is before recovering and the right 
sample is after recovering.  The differences are striking, and not entirely expected.  The face 
marked “T” on both samples is normal to the direction of the tensile strain applied to the sample, 
which is why the sample is elongated between the two faces marked “T,” of which, only one can 
be seen in the picture.  Similarly, a compressive strain was applied normal to the face marked 
“C.”  The other face, marked “40 25,” is the free direction subjected to only the Poisson’s effects 
from the tensile and compressive programming stages.  Upon recovery, the tensile direction is 
expected to contract while the compressive direction should expand.  By examining the 
photograph, it is apparent that while this behavior did indeed occur, the center of the faces 
recovered more than the edges.  The center of the tensile face is sunk further than the edges, 
especially the top and bottom edges; these are the edges shared with the compressive face.  Also 
the compressive face is bulging at the center, meaning that it recovered more in the center than it 
did on the edges.  This explains why the tensile shape recovery measured during step 4, and 
plotted in Figure 12, does not match the recovery measured with calipers.  It seems very likely 
that the LVDT was not at the exact center of the tensile face and so it did not measure the strain 
at the location of maximum recovery.  In other words, the LVDT can only measure the 
deformation of one point on the face.  Because each point on the face recovers differently, the 
LVDT measurement can only represent the point it measured.  The same problem is found in the 
compressive direction.  For this reason, shape recovery values were calculated for both the center 
of the face and the edge shared by both the tensile and compressive faces. 
The exact reason behind the lower shape recovery around the edges is not apparent; however it is 




tensile and compressive faces.  The shape recovery values calculated from measurements along 
this edge are also provided in Table 6.  From the right column of the table, it is clear that the 
edge formed by the intersection of the tensile face and the compressive face has much lower 
shape recovery values than those at the center, in column 2.  This portion of material is under a 
complex stress state that is compounded by edge effects, particularly during the compressive 
programming.  Another contributing factor could be that, since the shape recovery in the 
compressive direction was worse than the tensile shape recovery, in all cases, the tensile 
recovery along that edge was impeded by the poor compressive expansion during recovery.   
Also, as previously mentioned, the shape recovery definition for other thermomechanical cycles 
does not directly apply for two-stage biaxial programming.  The shape recovery values were 
calculated for two scenarios, the first includes the Poisson ratio induced strains from the 
transverse programming stage, and the second only takes into account strains directly caused by 
programming in that direction, omitting the Poisson ratio induced strains.  The tensile shape 
recovery values for the center of the face with and without the Poisson ratio induced strain are 
provided in Table 6. 
Table 6  Shape recovery values for the tensile direction 
Tensile Strain % - 
Compressive Strain % 












5-5 77.1 ± 10.3% 96.2 ± 11.1% 55.5 ± 9.6% 
5-25 81.4 ± 4.0% 205.1 ± 21.7% 34.44 ± 7.7% 
25-5 83.5 ± 2.2% 86.5 ± 1.6% 59.7 ± 9.8% 
25-25 74.9 ± 3.3% 89.6 ± 6.2% 32.6 ± 3.7% 
40-5 83.0 ± 2.7% 85.3 ± 2.9% 29.8 ± 4.4% 





Overall, when comparing the shape recovery values for the tensile direction from columns 2 and 
3, the values that omit the Poisson ratio induced strain are higher than those that include them.  It 
should be noticed that for samples that have undergone compression programming to 5% the 
shape recovery values are quite similar between the two columns.  This is as expected since the 
strains associated with Poisson’s effect are low in relation to the programmed tensile strain.  The 
starkest contrast is found for the sample that is programmed in tension to 5% and in compression 
to 25%.  This is because the strains induced by the Poisson effect are roughly the same size as 
the tension programming strain of 5% and to omit it entirely changes the value drastically.  
Taking all of this into consideration, it is important to objectively think about the implications of 
such values.  Taken as a whole, the values can be used to tell valuable information about the 
different tensile and compressive strain combinations.  Take, for example, the sample that is 
programmed in tension to 5% and in compression to 25%.  By comparing the values from 
column 2 and column 4 it can be seen that the shape recovery at the edge of the tension face is 
much lower than at the center, which is supported by Figure 35.  However, this does not give the 
whole picture of what has occurred in this direction.  Looking at column 3 it is found that when 
the Poisson effect is omitted, the shape recovery is over 200%.  This means that the sample is 
recovering far beyond the strain values that are imparted through the tensile programming only. 
The tensile shape recovery values that include the Poisson ratio induced strains range from about 
75% to over 88%, as tabulated above.  These values represent the maximum recovery in the 
tensile direction, namely, the values obtained at the center of the tensile face.  These values are 
quite similar to previous work done on this foam subjected to one uniaxial programming, which 
found shape recovery values of 87.6 ± 11.7% and 83.9 ± 3.0% for samples programmed to 3% 




Now we will shift our focus to the results for the compressive direction.  Figure 36 compares the 
compressive thermomechanical cycles of samples at all three levels of tensile programming and 
a programmed compressive strain of 5%.   
 
 
Figure 36  Comparison of thermomechanical cycles in the compressive direction for samples 




One observation to be made about Figure 36 is that the stress required to compress the foam to a 
strain of -5% at room temperature decreases with increasing tensile strain.  This behavior is also 
present for compressive programming to -25% as seen in Figure 37.  The explanation for this 
phenomenon is linked to the mechanism relating to the different values for shape recovery in 





Figure 37  Comparison of thermomechanical cycles in the compressive direction for samples 
programmed to a strain of -25% in the compressive direction and 5%, 25%, and 40% in the 
tensile direction 
Comparing Figure 37 to Figure 36, it can be seen that the recovery initiates at the same 
temperature, around 50oC, and the recovery rate increases with increasing temperature.  The 
shape recovery values are tabulated in Table 7.  Also, Table 7 provides the shape fixity values 
for compressive programming.  The shape fixity values do not have the same ambiguity as the 
shape recovery.  After the tensile programming occurs, the compressive direction has some level 
of strain that was induced by the Poisson ratio.  This compressive dimension is measured and 
then the sample is programmed in compression to either 5% or 25% of this dimension, this value 
is taken as the ideal strain.  After the programming stage is over, and spring back has occurred, 
the new dimension of the temporary shape is recorded.  This accurately represents the material’s 
ability to be programmed to a desired strain level.  In general, the compressive shape fixity 




any discernable pattern, but it can be plainly seen that the room temperature programming in the 
compressive direction contributed to the low levels of shape recovery. 
Overall, the shape recovery for samples with a tensile pre-strain of 5% is the lowest, but the 
shape recovery in the compressive direction as a whole is rather low.  The shape fixity ranges 
from just under 87% to over 97%, and seems to increase very slightly with increasing tensile pre-
strain.   
Table 7  Shape recovery and shape fixity values in the compressive direction 
Tensile Strain% - 













5-5 87.9 ± 6.8% 31.0 ± 1.7% 37.0 ± 0.8% 17.8 ± 4.1% 
5-25 86.9 ± 2.1% 42.1 ± 5.7% 44.5 ± 6.34% 33.3 ± 6.4% 
25-5 88.4 ± 3.8% 65.2 ± 4.2% 240.8 ± 41.1% 46.1 ± 4.5% 
25-25 93.1 ± 1.6% 48.5 ± 13.2% 68.3 ± 19.4% 29.9 ± 11.2% 
40-5 97.4 ± 1.3% 66.0 ± 4.7% 284.5 ± 23.7% 29.5 ± 4.6% 
40-25 94.4 ± 0.7% 54.7 ± 3.3% 87.1 ± 4.9% 24.0 ± 4.9% 
 
The differences in the shape recovery values seen in Table 7 are similar to those found in the 
tensile direction.  Shape recovery at the center that includes the Poisson’s effect is higher than 
that at the edge, as expected.  The shape recovery values that omit the Poisson’s effect are higher 
than those that include it and the samples with the highest shape recovery values excluding the 
Poisson’s effect are from the samples with large programmed tensile strain and small 
compressive strain, like 25-5 and 40-5. 
In Table 8, the shape recovery values are provided for the free direction.  In the free direction, all 
strain is due to the Poisson’s effect so excluding it would have no meaning.  This is also the 




have a large amount of variation between the center and the edges of the free face, so the values 
presented were calculated using measurements from the center of the face and include the 
Poisson’s effect out of necessity. 
 
Table 8  Shape recovery values in the free direction 
Tensile Strain % - 
Compressive Strain % Shape Recovery 
5-5 70.9 ± 7.8% 
5-25 85.9 ± 6.1% 
25-5 68.2 ± 6.7% 
25-25 72.9 ± 16.8% 
40-5 47.5 ± 5.8% 
40-25 26.9 ± 1.9% 
 
 
The best way to compare the shape recovery in the tensile, compressive, and free directions is to 
use the values that include the Poisson ratio induced strain.  As previously mentioned, a shape 
recovery in the free direction without the Poisson’s effect is meaningless, so there would be 
nothing to compare if a different value was chosen. 
When comparing the shape recovery values calculated for the center of each face and including 
the Poisson’s effect, it can be seen that, with the exception of samples programmed to a tensile 
strain of 40%, the shape recovery of the foam in the free direction was superior to the 
compressive direction, while not as good as the tensile direction.  This is a strong indicator that 
room temperature programming causes lower shape recovery values.  The mechanism causing 






Figure 38  Schematic showing the shape memory mechanism involvement in 2-stage, biaxial 
programming and recovery. Note the poor recovery in the compressive direction compared to the 
tensile direction.  Extension of a figure adapted from [20]. 
By understanding how the shape memory effect works, it is possible to explain why the shape 
recovery values are not equal in all directions and why the stress required for compressive 
programming decreases with increasing pre-strain caused by tensile programming.  As 
previously discussed, the circular nodes in the figure are called “netpoints” and they serve as the 
hard phase that keeps the original shape of the sample.  The sample is then brought to a 
temperature above the transition temperature, Ttrans, which in our case is the glass transition 
temperature [20].  At this temperature, the cross-links and covalent bonds are weak and the 
polymer chains are able to align with the direction of the applied tensile stress.  The aligning of 
the polymer chains reduces the entropy and upon cooling the viscosity is high, which locks the 




effects.  In a classic shape memory cycle, the sample would be recovered at this point, however, 
we move on to a room temperature compressive programming step.   
Although the polymer chains are more aligned in the tensile direction, there are still chains 
running in the compressive direction, which are bonded, in one way or another, with other 
polymer chains.  These bonds are much stronger at room temperature than at a temperature 
above the glass transition temperature; this is why the compressive stresses required are eight to 
ten times higher than those required for high temperature tensile programming.  The polymer 
chains are no longer free to move past one another and align, and so a much higher stress is 
required.  This is the cause of the decreasing compressive stress requirements for a set strain 
level in the compressive direction at increasing pre-strains caused by tensile programming as 
seen in Figures 36 and 37.  A tensile programming to a strain of 5% aligns less polymer chains in 
the tensile direction than a tensile strain of 25% or 40%.  This means that there are more intact 
cross-links in the compressive direction that must be overcome in order to reach the desired 
compressive strain level.  For this reason, a sample that has undergone tensile programming to a 
strain of 40% has the most alignment of polymer chains and requires the least stress for the 
compressive programming, a sample programmed to a tensile strain of 25% requires a little 
more, and a tensile strain of 5% leads to even higher compressive stresses during compressive 
programming. 
This mechanism also offers a possible partial explanation for the fact that the shape recovery in 
the compressive direction is worse than the tensile and free directions.  If the compressive 
stresses are high enough, the material may be damaged in the compressive direction, causing 
poor shape recovery values.  Also, the transverse compression may align some more molecules 




In summation, during tensile programming, the polymer chain alignment along the tensile 
direction leads to higher shape recovery values in this direction.  After tensile programming, 
there are still polymer chains aligned in both of the transverse directions, the free direction and 
the compressive direction.  Next, compressive programming occurs at room temperature, which 
damages the material in this direction more severely than in the tensile and free directions.  Since 
the compressive direction has low polymer chain alignment, and with some damage, it has the 
lowest overall shape recovery values.  The free direction has low alignment, but does not have as 
much damage so it typically has shape recovery values that are better than the compressive 
direction but worse than the tensile direction.  This variance in the shape recovery values for the 
tensile, compressive, and free directions leads to an odd recovery shape as seen in Figure 35.   
It is important to remember that the recovery step occurs simultaneously in all directions, and so 
they necessarily affect one another due to the Poisson’s ratio of the material.  This can be seen 
qualitatively by referring to Figures 39 and 40.  Figure 18 shows the tensile, compressive, and 
free directions during the recovery phase of the thermomechanical cycle versus time for the 
sample programmed to 25% in tension and -5% in compression.  This shows much more detail 
than that provided in Figure 39 during the “T & C Step 4.”  Also, the free direction is not 
included in Figure 39. 
All three directions seem to begin increasing their recovery rate at about the same time, 
somewhere around 4500 seconds.  This time corresponds to a temperature of about 68 oC, which 
is just under the glass transition temperature, Tg, of the foam [4].   
Upon initial inspection, this figure seems perfectly reasonable, but when compared to the shape 
recovery values calculated from the dimensional measurements taken, a discrepancy arises.  Both 





Figure 39  Comparison of programming and recovery cycles in the tensile and compressive 
directions for a sample programmed to a strain of 25% in the tensile direction and -5% in the 
compressive direction (C=Compression, T=Tension) 
 
Figure 40  Comparison of recovery strains in the tensile, compressive, and free dimensions for a 





However, the value for the free dimension is much greater, at approximately 90%, than the 
calculated value of about 68%.  The most likely culprit of this is, as previously mentioned, the 
placement of the LVDT close to an edge instead of directly on the center of the sample. 
In order to provide the full results for comparison with Figures 32 and 39, the rest of the stress, 




Figure 41  Comparison of programming and recovery cycles in the tensile and compressive 
directions for a sample programmed to a strain of 5% in the tensile direction and -5% in the 





Figure 42  Comparison of programming and recovery cycles in the tensile and compressive 
directions for a sample programmed to a strain of 5% in the tensile direction and -25% in the 
compressive direction (C=Compression, T=Tension) 
 
Figure 43  Comparison of programming and recovery cycles in the tensile and compressive 
directions for a sample programmed to a strain of 40% in the tensile direction and -5% in the 





Figure 44  Comparison of programming and recovery cycles in the tensile and compressive 
directions for a sample programmed to a strain of 40% in the tensile direction and -25% in the 
compressive direction (C=Compression, T=Tension) 
With these plots and Figures 33-36 comparing the thermomechanical cycles using the stress, 
strain, and temperature variables, a large range of data has been presented for this group of 
samples.  While lots of data and figures have been presented here, along with new information 
concerning two-stage, biaxial programming of the SMP based foam, there is plenty more to be 
done in the future.  The following section includes a summation of the information gathered in 





Chapter 6. Conclusions and Recommendations for Future Work 
6.1 Conclusions 
A novel two-stage, biaxial programming and recovery process was proposed for shape memory 
polymer based syntactic foam.  This involved the design and fabrication of a new sample for the 
testing.  The new two-stage programming called for high temperature programming in tension 
followed by room temperature programming in compression in the transverse direction.  After 
both stages of programming are complete, the samples are recovered at high temperature.  Three 
different strain levels of tensile programming were done, 5%, 25%, and 40%, and two different 
strain levels for compression programming, 5% and 25%.  The programming and recovery data 
for these six groups were compared to determine what effects the different variables had on the 
SMP foam. 
For each tensile and compressive programming strain combination, the full thermomechanical 
cycle was graphed in two ways: using stress, strain, and temperature, and using stress, strain, and 
time.  The recovery was initiated at a temperature of 50 oC, and the recovery rate increased 
noticeably at a temperature of about 65 oC, which is close to the glass transition temperature of 
Tg = 70.5 oC.  Also, the shape recovery values were calculated for all three directions using 
measurements recorded at various times during the programming and recovery stages. 
The meaning of shape fixity and shape recovery within the constructs of two-stage biaxial 
programming and recovery was discussed.  When comparing the shape recovery values for the 
center of a face and including the Poisson’s effect, the tensile direction showed the highest level 
of shape recovery, followed by the free direction, leaving the compressive direction with the 
worst overall shape recovery values.  A possible explanation for this is proposed, though further 




first, the polymer chains making up the SMP matrix align along the tensile direction and when 
the foam is cooled, the shape is locked in and the polymer chains bond with one another.  When 
the compression programming occurs at room temperature, the polymer chains are not easily 
mobile like they are at high temperature and so higher stress levels are required to strain the 
foam.  These high stress levels are strong enough to break some of the bonds in the compressive 
direction and potentially damage the material while the polymer chains aligned in the horizontal 
direction are largely unharmed.  For this reason, the tensile direction recovers the most and the 
compressive direction the least. 
The compressive stress required for room temperature programming to a given strain decreases 
with an increase in the tension programming strain.  In other words, to program a sample to a 
compressive strain of 5%, it takes more stress for a sample that been programmed to a tensile 
strain of 5% than a sample programmed to 25% or 40% tensile strain.  The reason for this is the 
same mechanism that causes the tensile direction to have the highest stress recovery and the 
compressive direction to have the lowest.  When a sample is programmed in tension to 40% 
strain, the polymer chains are more aligned in that direction than they are in a sample that has 
been programmed in tension to 5% strain.  Upon cooling, there are fewer bonds linking the 
polymer chains in the compressive direction leading to lower required compressive stresses to 
reach a given compressive strain. 
6.2 Recommendations for Future Work 
Although the thermomechanical characterization has been completed for a range of tensile and 
compressive stress combinations, there is a lot of work that needs to be done for this material to 
be used as a sealant between concrete decks on a bridge as proposed [35].  Two major issues 




is to study the bonding between the SMP foam and the concrete used on the bridge deck.  This 
will be crucial to ensuring that the sealant does not debond from the concrete and lead to 
corrosion.  Secondly, a method must be developed to manufacture and program slabs of SMP 
foam at the sizes required for use between the bridge decks.   
From the viewpoint of material characterization, there is much potential for extending this work.  
There could be any number of combinations of tension programming and compression 
programming at high temperatures and at room temperature, but two combinations in particular 
would yield interesting results when combined with the results contained in this study.   
A study of the SMP in which the tension and compression programming stages were both done 
at high temperature could help to verify, or nullify, the notion proposed mechanism responsible 
for high shape recovery in the tensile direction and low shape recovery in the compressive 
direction.  Taking the results of such a study and comparing them with these results would 
highlight the role that the temperature applied during compression programming has on the 
shape recovery values.  It is easy to imagine that such a study would only require a slight change 
in the presented experimental procedure and could use the same sample shape and dimensions. 
Another interesting study would be to subject the dogbone sample to room temperature 
compression programming first and then to high temperature tensile programming.  This would 
show what effect the order of programming, if any, has on the shape recovery values.  Again, 
this test would be able to utilize the same sample design and would require minimal changes to 
the overall procedure.  The thermomechanical cycle plots generated in such a study would be 
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